Purpose: To evaluate the feasibility of using a clinical magnetic resonance (MR) system and MR spectroscopy (MRS) to measure glucose concentration changes in the human hypothalamus, a structure central to whole-body glucose regulation. Subjects and Methods: A time series of MR spectra (semi-LASER, TE 5 28 msec), localized to the bilateral hypothalamus ($1.6 ml) were obtained at 3T in six healthy subjects at baseline (euglycemia) and during a $65-70-minute-long hyperglycemic clamp in 11-minute blocks with interleaved T 1 FLASH images to retrospectively assess head motion, and track changes in cerebrospinal fluid (CSF) partial volume. The LCModel was used to quantify the sum of glucose and taurine concentrations, [Glc1Tau], along with their associated Cram er-Rao lower bounds (CRLB).
A lthough the brain accounts for only 2% of the human body's weight, it accounts for 20% of the body's resting metabolism 1 and under normal diet and physiological conditions, it relies almost exclusively on glucose (Glc) as a source of energy. 2, 3 Regulation of glucose transport and metabolism in the brain is therefore essential for proper brain and body function. The body's ability to regulate glucose transport and metabolism is dependent on its ability to monitor glucose availability, a function performed in various organs and within the brain by distinct neuronal populations that become either excited or inhibited with changes in blood glucose concentration. 4 In the brain, these cell types are densely populated within the hypothalamus, a centrally located brain structure that plays regulatory roles in both the endocrine and nervous systems. 5 Because the hypothalamus is thought to be a structure central to glucose regulation and energy homeostasis, measurement of hypothalamic Glc transport is of great interest. Regional Glc transport kinetics in the brain can be quantified by monitoring brain glucose levels as blood glucose levels rise. [6] [7] [8] However, the small size of the hypothalamus and its location deep within the brain have made noninvasive measurement of glucose uptake in the human hypothalamus a challenging undertaking. In vivo glucose uptake is often visualized with the use of [18F]-fluorodeoxyglucose and positron emission tomography (FDG-PET). This approach is practicable for the measurement of Glc uptake in large brain structures or lesions in which flux through glycolytic pathways are significantly increased, but the current resolution of clinical human PET systems ($4 mm) is limiting and results in poor spatial fidelity of the hypothalamic FDG-PET signal. Braindedicated high-resolution research tomography (HRRT) systems have afforded improved 3D PET image resolution ($2.5 mm FWHM) in humans, 9 but these systems are not widely available and methodological subtleties in quantification remain to be fully elucidated. 10 For these reasons, a more accessible imaging alternative to measure Glc uptake in the human hypothalamus is desirable. Despite having much lower sensitivity than FDG-PET, single-voxel proton magnetic resonance spectroscopy (MRS) on a clinically used 3T platform may be a viable alternative to FDG-PET measures of glucose uptake in the hypothalamus. Importantly, an $5:1 ratio of plasma to tissue glucose concentration was recently demonstrated by biochemical methods in the rat hypothalamus at euglycemia, 11 as was previously observed by MRS in other brain regions, 6 ,7 indicating a functional hypothalamus-blood interface for glucose transport. Brain glucose metabolism/uptake measurements in humans by 1 H MR are well established for large volumes of interest (VOI), [6] [7] [8] [12] [13] [14] in which small shifts in VOI position (2-3 mm) compared to the VOI dimensions do not appreciably alter the spatial localization. On the other hand, the fidelity of anatomic localization of the dynamic MRS signal arising from an appropriately sized VOI of the hypothalamus (10-13 mm per dimension) may substantially degrade with modest subject motion expected during an imaging session of longer duration, 15 even if MR spectral quality measures (residual water, spectral linewidth, and signal-to-noise ratio [SNR]) do not appreciably degrade. Therefore, our goal was to evaluate a combined MR acquisition and analysis methodology designed to quantify glucose transport in the human hypothalamus, which necessitates measurement of brain Glc levels at euglycemia and at a series of hyperglycemic blood glucose levels. [6] [7] [8] [12] [13] [14] Specifically, we aimed 1) to assess spectral data quality from a small hypothalamic VOI, measurement errors of the hypothalamic Glc measurement and the influence of subject movement on spectral quality and CSF fraction in the VOI, and 2) to establish criteria that can be used to select the reliable data points in an MRS time series obtained during a euglycemic baseline followed by a hyperglycemic clamp.
Subjects and Methods

Subjects
Six healthy volunteers (age 34.2 6 13.2 years, 4M/2F) were studied after giving informed consent using procedures approved by the Institutional Review Board: Human Subjects Committee of the University of Minnesota. On the day of the experiment, subjects arrived at the Center for Magnetic Resonance Research in the morning after an overnight fast. On arrival, an intravenous catheter was placed antegrade in a forearm for subsequent infusion and a catheter was placed retrograde in the lower leg for blood sampling. The leg used for blood sampling was wrapped in heated towels and hot packs to arterialize the venous blood. 16 
MR Data Acquisition
All data were acquired at 3T on a Siemens (Siemens Medical, Erlangen, Germany; software version, Syngo VB17B) Trio MR scanner using a body coil transmit and a vendor-supplied 32-channel phased array receive coil. A block diagram of the MR time course is presented in Fig. 1 . The imaging session began with the acquisition of a 1-mm isotropic 3D T 1 magnetization-prepared rapid gradient echo (MPRAGE) (field of view [FOV] : 256 3 176 mm, matrix size: 256 3 176, with 1 mm slice thickness; repetition time, echo time, and inversion time [TR/TE/TI] were 2530 msec, 3.65 msec, and 1100 msec, respectively; a GRAPPA factor of 2 was used to yield a scan duration of roughly 5 min) on which the MRS voxel was prescribed ( Fig. 2) ] resulting in an acquisition time just under 11 min) was followed immediately with the acquisition of two unsuppressed water references 18 for eddy current correction and for water scaling for metabolite quantification purposes. A single eddy current correction spectrum was used for all subsequent timepoints since the eddy currents are only a function of the VOI location in space, while a separate waterscaling reference spectrum was acquired for each individual timepoint, as depicted in Fig. 1 . After onset of glucose infusion, six sets of the MRS/FLASH/ water reference ensemble were collected. Separate B 0 shim settings associated with FLASH (system "tune up" mode) and MRS (FAS-TESTMAP) acquisitions were held in memory and were applied as required by the acquisition type. Additionally, the water resonance frequency was evaluated prior to each of the six MRS timepoint acquisitions and was adjusted as necessary to assure that water suppression pulses were applied on-resonance. The MR parameters of the acquired FLASH and MRS datasets were not altered throughout the scan session. The resulting scan was completed within 90 minutes.
Glucose Infusion and Blood Sampling
The MRS calibrations and baseline MRS data were collected during euglycemia (90-100 mg/dl blood Glc). Subjects were then given an intravenous bolus injection of 20% dextrose, followed by a continuous infusion to maintain the desired blood [Glc] target in the 200-400 mg/dl range, as described previously.
14 Estimation of the arterial input function was accomplished from blood samples collected throughout the study, at 2-5-minute intervals. The placement of the catheter in the lower leg allowed the subject to remain at the magnet isocenter at all times, thereby enabling blood draws to be performed at a finer resolution than individual MRS timepoint acquisitions (Fig. 1 ).
MRS Data Analysis
Each MRS timepoint consisted of 128 single transients that were eddy current-corrected using the eddy current reference spectrum acquired at the start of the MRS time series. The 128 frequency domain spectra were averaged in consecutive groups of four, prior to phase correction and frequency alignment, as previously described. 18 The resulting 32 frequency domain traces were summed and the resulting spectrum referenced to N-acetylaspartate (NAA) at 2.01 ppm. The resulting spectrum for each timepoint was then saved with its associated water reference spectrum and its calculated CSF fraction (see below). Spectral fitting and metabolite quantification were performed using LCModel 21 with the waterscaling feature (v. 6.3-0G) to reference metabolite concentrations to water, a basis set consisting of 18 simulated metabolites, 20 and a previously measured macromolecular basis set. 22 The primary metabolite of interest for purposes herein was glucose. We used LCModel output of the sum of glucose and taurine, [Glc1Tau], and this quantity's associated Cram er-Rao lower bounds (CRLB).
We report the sum of these two metabolites in accordance with LCModel guidelines whereby metabolites with strong negative cross correlations (< -0.5) be reported also as a sum of the two metabolites (LCModel & LCMgui User's Manual, November 17, 2014. p 148). While we show the sum of these two metabolites in our results, the observed changes in [Glc1Tau] over the glucose infusion time course are attributed to changes in [Glc] based on results obtained by LCModel fitting of aggregate spectra: the baseline spectrum and the three last spectra of the time course from subjects with plasma glucose targets !300 mg/dl were summed across subjects, resulting in four timepoints with higher signal-tonoise ratio. LCModel analysis was performed for each spectrum twice: once with a static CSF voxel fraction and once with a dynamic CSF voxel fraction. The static CSF voxel fraction was taken from tissue segmentation maps from the initial MPRAGE image set on which the MRS voxel was initially placed. This provides an example of a [Glc1Tau] time course under the typical assumption of no subject motion. The dynamic CSF voxel fraction was calculated for each timepoint from the spatially transformed segmentation maps associated with each timepoint as described below.
MRS Voxel Tracking and Dynamic CSF Voxel Fraction Estimates
All image analysis was performed using a slightly modified version of SPM8 23 and supporting MatLab (v. R2013b, MathWorks, Natick, MA) scripts written in-house. All image sets were imported into SPM in DICOM format (Siemens .dcm) image and saved in NIfTI (.nii) format. 24 Voxel tracking and estimation of CSF voxel fraction were achieved by transforming the initial MPRAGE images, its segmented tissue maps, and time-dependent FLASH image sets to a reference space using well-established image segmentation and registration software, thereby generating an MPRAGE image set (MPRAGE i *) and tissue segmentation maps for each timepoint (i) in FLASH image space. A detailed description of our implementation is presented in the Supplementary Materials. Subject motion was calculated and output in a text file within SPM8 using ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi ðDx 2 1Dy 2 1Dz 2 Þ p , where Dx, Dy, and Dz are differences in translational distances (in mm) along x, y, and z between the reference FLASH image set and each timepoint's FLASH image set, as determined by SPM8. Measured rotational components of motion (yaw, roll, pitch) were under 61.58 for all timepoints but three, with these three having values less than 61.78 and of which none were lost due to our established rejection criteria (dashed lines, Figs. (3 and 4) ). Thus, in addition to the degree of subject motion, each MRS timepoint had four image sets associated with it: a 3D T 1 anatomic image set, used for visual inspection, and a set of three tissue segmentation maps that were used to refine CSF voxel fraction for each timepoint.
The CSF fraction in the MRS voxel was determined by applying a 3D binary voxel mask to the MPRAGE (static) and MPRAGE i * (dynamic) image set for each timepoint (Supplementary Materials, Fig. SF2 ). We define CSF voxel fraction as:
where px is the number of pixels from MPRAGE i * images at each timepoint classified as a specific tissue type within the MRS voxel.
FIGURE 3: Plots of the resulting parameters generated from the voxel tracking pipeline, (A) CSF voxel fraction, and (B) head motion, for the six subjects studied. The red dashed line demarks the upper limit of data acceptance criteria used for subject motion. Within the MRS voxel, at least 99.80% of the pixels were classified for all timepoints.
Refinement of [Glc1Tau] Brain by CSF Fraction
Because most MRS-measured brain metabolites lack a transport mechanism at the blood-CSF barrier interface, 25 their concentration within CSF is limited by their inability to diffuse across the plexus epithelial barrier, thereby resulting in CSF metabolite concentrations well below the MRS detection limit. Thus, for the majority of MRS-measured metabolites, the applied CSF volume correction pertains to the dilutive effects of the CSF volume, such that only the tissue volume is considered as a source of the MRS signal, with an effective metabolite concentration in CSF of zero. In special cases in which a metabolite, such as glucose, may be actively transported into CSF, 7, 25 
Utilization of Steady-State Data Points
Of the three tissue maps generated from image segmentation, our methodology focuses on the CSF component, a known glucose reservoir whose fraction within the hypothalamic MRS voxel varies across subjects at baseline, and is subject to motion-induced fluctuations during the time course. Because the hypothalamus may have unique properties with respect glucose uptake compared to its surrounding tissue, we implemented a motion threshold (Fig. 3) 
Statistical Analysis
MRS data were quantified using LCModel, which includes percent standard deviation (%SD) in the form of each metabolite's CRLB. We include 95% CIs (62*CRLB) for [Glc1Tau] at each timepoint, and use this measure as a means to distinguish measurable changes in [Glc1Tau] with increased plasma glucose. Figure 3 shows that head displacement through the 90-minute acquisition remained within 2 mm of the initial voxel location for almost all timepoints in five out of six subjects. Accordingly, relatively stable CSF fractions were measured throughout the clamp in these five subjects. Baseline CSF fractions ranged from $20-32% of the VOI due to the midsagittal placement of the hypothalamic voxel and variability in the width of the 3 rd ventricle.
Results
MRS Data Quality Assessment
Parameters allowing assessment of data quality for all six subjects are presented in Fig. 4 . Spectra associated with water reference linewidths (FWHM) greater than 10 Hz at 3T were excluded from further analysis. 18 All data acquired had [Glc1Tau] CRLB lower than 50% even at the euglycemic baseline. CRLBs decreased with increasing blood [Glc]-and consequently hypothalamic [Glc1Tau]-leveled out with increasing time. Notably, all but one spectra acquired during the hyperglycemic clamp had [Glc1Tau] CRLB <25%, indicating reliable quantification. The CRLB values for subjects 4 and 5 were consistently higher than the other subjects, likely due to lower plasma glucose targets during their hyperglycemic clamps. Voxel location was assessed from the SPM8 motion output, and was further confirmed with visual inspection of the voxel mask overlaid upon each realigned MPRAGE image set using FSLView (v. 3.2.0 28 ) and in-house written MatLab code. We used a maximum motion threshold of 3 mm as a discard criterion based on relative dimensions of the voxel used and partial volume effects deemed acceptable for this example. Four out of 42 data points (10%) did not meet our quality acceptance criteria (linewidth, CRLB, head drift). Figure 5 illustrates an example of changes in the MRS voxel location, and hence, the spatial volume from which CSF voxel fraction was calculated at each timepoint for two subjects. The location of the dynamic voxel position for each timepoint reveals that the MRS data acquired from subject 6, who had an average head displacement of 1.8 (60.5, SD) mm, remained better localized to the original voxel placement compared to subject 4, whose average head displacement was 3.1 (61.6) mm. While it is evident that spectral quality degraded substantially over time for subject 4 (water reference linewidths ranged from 5.8-10.9 Hz), it is not possible to determine whether MRS signals still arise primarily from the hypothalamus without the additional information regarding voxel position. with a plasma glucose target of 300-400 mg/dl. These plots also indicate that for this subject group, the static f CSF correction is a sufficient correction, as [Glc1Tau] Brain using the dynamic f CSF correction fell within the 95% confidence levels associated with using the static f CSF approach to calculating [Glc1Tau] Brain .
The results in Fig. 4 show that quantification of [Glc1Tau] in our 1.6 cm 3 voxel at 3T results in CRLBs that typically plateau in the low double digits when the subject is in the hyperglycemic state. As a result, the 95% confidence levels are sizeable, as indicated by the error bars in Fig. 6 . In all subjects whose targeted plasma glucose was at least 300 mg/dl, changes of [Glc1Tau] share overlap with 95% CIs of adjacent timepoints, revealing a gradual increase of hypothalamic [Glc1Tau] with time. Data from these same subjects (Fig. 6, subjects 1 Using steady-state data from subjects whose baseline and steady-state [Glc1Tau] values are measurably different as described above, we plotted the relationship between hypothalamic [Glc1Tau] and plasma [Glc] . Unlike the values of [Glc1Tau] baseline and [Glc1Tau] >25mintues discussed above, these data account for each individual's time-varied plasma glucose time course, which is relevant for measuring hypothalamic glucose transport. Figure 7 shows the hypothalamic/plasma glucose relationship to be reasonably linear, in agreement with previous work in other brain regions. [6] [7] [8] Moreover, the slope of this plot is in good agreement with the 5:1 ratio measured in the rodent hypothalamus at euglycemia with biochemical methods.
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Discussion
Here we evaluated an MRS protocol at 3T to measure glucose concentration changes in the human hypothalamus with a goal to utilize the method in estimating glucose transport in this small structure central to whole-body glucose regulation. The presented protocol utilizes a recently developed short-echo, full intensity single-voxel localization method 18, 19 and includes assessment of dynamic voxel location during an MRS time series acquisition using interleaved FLASH images. The protocol can therefore be utilized with standard clinical hardware without the need for specialized optical tracking devices or pulse sequence modifications for motion tracking. The proposed method not only provides a means by which to assess voxel location to ensure that the resulting data reflect hypothalamic processes, but also provides a dynamic assessment CSF content in the voxel by which measured [Glc] may be refined at each MRS timepoint. While ultrahigh fields (!7T) can provide higher spectral signal to noise and resolution than 3T, glucose is known to be quantified more reliably at 3T and 4T than 7T due to a simpler spectral pattern at the lower fields, [29] [30] [31] further justifying the choice of 3T for studying hypothalamic Glc transport. The observation that none of the [Glc1Tau] following glucose infusion with a 200 mg/dl target were classified outside of 95% CIs of [Glc1Tau] established at baseline, may indicate that the 300 mg/dl target is a preliminary lower limit for measuring [Glc1Tau] in the hypothalamus. These results do not necessarily preclude hypothalamic glucose measurements with hyperglycemic clamps 300 mg/dl from being studied, but suggest that at the very least, a longer MRS time block to reduce [Glc1Tau] CRLB values 32 may be necessary to detect changes in hypothalamic [Glc1Tau]. We observed an increased pulse rate in all subjects during the hyperglycemic clamp, which may lead to the question of possible changes in water or metabolite relaxation due to blood oxygenation level-dependent (BOLD) effects from within the MRS voxel during the glucose infusion. fMRI studies have shown that glucose ingestion decreases the BOLD response by 1-2%, 33, 34 with the BOLD response being less pronounced and shorter lived when glucose is delivered by i.v. compared to oral delivery. 34 Quantification of metabolites was not affected beyond 1% for even larger BOLD changes of 3-4%, which result in linewidth changes within 0.5 Hz. 35 Furthermore, addition of 0.5 Hz line broadening does not alter glucose quantification, 35 suggesting that glucose quantification is not altered by BOLD effects. We therefore conclude that the small glucose-related BOLD effect in our subjects does not contribute to the observed changes in [Glc1Tau], or its corresponding CRLB, in a meaningful way. The data from the healthy adult subjects shown here indicate that the subjects were generally still, and while the overall number of data points discarded due to motion in the data presented here is relatively low (4/42), the inclusion of voxel location provides a measure that helps to remove ambiguity regarding the retention or discarding of data points within a time series containing marginal quality. With respect to a single subject's time course, discarded data may preclude kinetic analysis altogether, but in instances where kinetic analysis permits time course data to be pooled across subjects, 6, 8, 13 partial time course data may be acceptable, and the addition of a motion parameter results in higher quality data to produce a more meaningful measure of hypothalamic glucose transport. Here, we used simple distance measures of voxel location relative to its initial placement, but any motion-related parameter(s) derived from the transformation matrix can be customized to userdetermined values as dictated by experimental requirements and the level to which partial volume confounds are deemed acceptable. Voxel tracking was achieved using SPM8, which contains widely used, robust registration and segmentation algorithms that are easily accessed and modified in MatLab. Therefore, SPM8 facilitated a more streamlined approach to image analysis in conjunction with house-written MatLab scripts. These reasons do not preclude the described approach from being implemented outside of SPM/MatLab packages that may possess similar image processing capabilities. 28, 36 Improvements in fast imaging techniques using highly parallelized imaging 37 with multiband EPI approaches 38 may also serve the purpose of voxel tracking as described. Although the described method using readily available sequences resulted in the addition of only 4 minutes for the interleaved FLASH images to the overall scan session of roughly 90 minutes, the resulting voxel tracking is temporally coarse, and ultrafast imaging would enable more frequent voxel tracking. Recent work by a few groups [39] [40] [41] [42] that involves the use of optical sensors and cameras and/or navigator echoes has been shown to be useful for tracking and correcting MRS voxel location using real-time feedback to update gradient waveforms and shim coil currents during the MRS acquisition. These approaches are highly desirable since they serve to preserve data quality in a prospective sense and do not require additional analysis. However, these methods are not widely implemented and the presented methodology may serve as a feasible alternative until realtime methods become more widely available. Developments in current scanner software on some systems may enable a variation of our approach that operates between the work presented here, and real-time approaches. For example, the recently available Siemens ("AutoAlign") and Philips ("SmartExam") imaging options internally change gradient settings based on a short survey scan, such that images are acquired at a defined (fixed) orientation. If used in a manner similar to that described here in which the vendor's alignment survey replaces the FLASH image set, these products may enable the MRS voxel to capture the same nominal hypothalamic volume at each timepoint. As a result, the need for retrospective alignment and calculation of timepoint-dependent CSF fractions are theoretically removed from the analysis pipeline. However, the vendor alignment software approach alters the voxel location in space, and may therefore require additional shimming and/ or eddy current correction acquisitions to be performed on a timepoint basis. The availability, details of implementation, robustness, and compatibility of vendor-based alignment tools with respect to MRS voxel placement may vary across vendors. In addition to the sensitivity challenges associated with small voxel MRS, changes in plasma glucose levels, onset of sleep, blood draws, or pressure points from lying for an extended period may result in subject discomfort that may cause transient or retraceable motion, which is not detectable with the presented methodology.
Limitations to the presented work includes our ability to assess the feasibility of the 200 mg/dl plasma glucose target. This target was hindered by a small sample size and would benefit from additional data at varied plasma glucose targets (200-300 mg/dl) in order to further establish whether the steady-state plasma/hypothalamic glucose relationship retains linearity, and to also establish a refined lower plasma glucose target. Since this was a feasibility study, we did not include a patient group in our limited sized cohort. However, we point out that the presented method is not intended for clinical care in a hospital setting, but for mechanistic research in the academic setting aimed at better understanding glucose regulation.
In conclusion, here we demonstrated the feasibility of using single voxel 1 H MRS on a standard 3T clinical scanner to quantify changes in hypothalamic glucose concentration during a hyperglycemic clamp, the first step towards noninvasively quantifying glucose transport localized to the human hypothalamus. We found that hypothalamic [Glc1Tau] increased while [Glc1Tau] CRLBs decreased when the plasma glucose target was maintained at or above 300 mg/dl, suggesting that glucose changes in the hypothalamus may be more challenging to measure for lower plasma targets at 3T. Our limited dataset showed a linear relationship with a roughly 5:1 of plasma [Glc] to hypothalamic [Glc1Tau] at steady-state, and is in good agreement with invasive measures made in rodent hypothalamus.
